Adequate regeneration of NiS in simple Ni/ZnO model catalysts was certified by highly accelerated long runs of the adsorptive ultra-deep hydrodesulfurization (UD-HDS) reaction of kerosene in the laboratory. Then, model Ni/ZnO catalysts containing 5wt% and 12wt% Ni were developed and evaluated in bench plant long life tests. From the results, a practical Ni/ZnO catalyst estimated to have a one-year life was selected.
Introduction
After fundamental studies selecting an effective UD-HDS catalyst by evaluation of conventional catalysts, Ni/ZnO was found as an auto-regenerative adsorptive UD-HDS catalyst1),2). UD-HDS of kerosene to below 0.1ppm sulfur cannot be achieved using the most active conventional Ni-Mo/Al2O3. Whereas Ni/ZnO is 50-100 times active and achieves UD-HDS of kerosene.
ZnO regenerates sulfur-poisoned surface Ni to active surface Ni by accepting H2S. ZnO also shows a selective Strong Metal Support Interaction (SMSI) to transmit an electric effect to the surface Ni, thus promoting HDS activity and preventing methanation reaction2). The present study investigated the development and evaluation of a practical catalyst including the life test of the catalyst.
A feed rate of 53.9l/h of kerosene was designed for a 200kW scale kerosene-fed PAFC system. The UD-HDS catalyst was designed to be used for one year and replaced at the maintenance period.
Under these conditions, 145kg of ZnO adsorbent is necessary to adsorb hydrodesulfurized H2S for one year2). The conventional ZnO adsorbent is usually used until 46-51mol% of sulfur per ZnO wt has been adsorbed. The same adsorbing capacity for sulfur should be required for ZnO in the catalyst. Ni/ZnO has double functions as a catalyst and an adsorbent.
High content of Ni will achieve a high activity but a long life will not be expected.
On the other hand, high content of ZnO will provide a long life but a high activity will not be achieved.
Controlling the trade-off, the realization of a highly active and long life UD-HDS catalyst was studied.
The development was carried out in the next three steps. At the first step, simple model catalysts containing only Ni and ZnO (A series) were prepared and evaluated under highly accelerated reaction conditions. Then, a prospect of the long life was attained. At the second step, models of the catalyst were prepared (CDSC-1, -2) and one-year life was estimated by long runs. At the third step, a practical catalyst (CDSC-3-2) was prepared and investigated under the long run conditions.
Changes in the quantity of active surface Ni in the course of the long run were analyzed theoretically together with the practical evaluation of the catalysts.
The characterization of the Ni/ZnO catalyst was based on measuring the quantity of surface Ni. The measurement of surface Ni on Ni/Al2O3 catalyst or Ni/SiO2 catalyst is possible by the chemisorption of H2, but not on other supports with SMSI3). Chemisorption of NO on nickel oxide has been studied extensively and may provide reliable measurement of surface Ni4),5). However, a long time is required to attain complete equilibrium, so the measurement is impossible by the convenient pulse or flow-through method.
Sakisaka et al. 6 ) have reported that NO is adsorbed rapidly on a Ni (100) surface at room temperature and most of the adsorbed NO decomposes to form NiO-like layers at high exposure of NO, which suggests the possibility of measurement of surface Ni using the pulse or flowthrough method. They have made clear that decomposed NO desorbs as N2 and some quantity of N2O. We applied the NO chemisorption technique for the measurement of reduced surface Ni as a way to screen the Ni/ZnO catalyst family because the technique provides a convenient method. The measurement7) was carried out by TPD-MS using a flow-through cell and the GC-NO-pulse procedure as Eqs. (1) and (2) . The complicated analysis of the measured data was carried out using software developed in this laboratory7).
Experimental Method

2.1.
Theory The total amount of surface Ni does not change even under changes in LHSV or reaction temperature in the conventional Ni/Al2O3 catalyst. Therefore, the kinetic analysis is possible by changing the LHSV or reaction temperature.
The reactivity of each Ni/ZnO catalyst, however, changes in the course of long run. The ratio of active surface Ni and sulfur-poisoned surface Ni is not fixed, because the content of active surface Ni is controlled by the balance of the poisoning rate and the regeneration rate, which is expressed as Eq. (3), where Csurf.Ni is the content of active surface Ni, Csurf.NiS is the content of surface NiS, CznO is the content of ZnO, L is the average diffusion resistance of H2S, Cs is the content of sulfur in the feed, ki and k2 are the rate constants, and a, b, and c are the orders of the reactions.
The rate of the regeneration reaction is considered proportional to Csurf.NiS, CZnO, and 1/L, and can be expressed as k1[Csurf.NiS]a[CZnO]b/L, which decreases according to the consumption of the acceptor of H2S. The poisoning rate of active surface Ni is expressed as k2[Cs]cLHSV, which is considered as constant under the fixed reaction conditions in all the ages of the reaction with the same kerosene feed under the same LHSV, and is not changed by the change of the reaction temperature, because most sulfur atoms are adsorbed on the catalyst in the UD-HDS reaction.
In the balanced state, dCsurf.Ni/dt=0, the content of surface NiS is expressed as Eq. (4). Therefore, the content of the active surface Ni is decreased by high LHSV or high sulfur content in the feed.
The content of active surface Ni on the catalyst changes according to Eq. (5), where Csurf.Ni0 is the initial content of active surface Ni. The ZnO molecules located near the surface NiS molecules will be consumed in the early stages, however, ZnO molecules located further may be consumed in the progress of the run. Then, the regeneration rate k1[Csurf.NiS]a[CZnO]b/ L becomes slower and the content of active surface Ni on the catalyst gradually becomes smaller. Therefore, the activity of the Ni/ZnO catalyst changes in the course of the reaction and the kinetic analysis of the UD-HDS reaction by changing the LHSV and reaction temperature is difficult.
However, an outline of the kinetic data can be obtained within a few hours, because the rate of the regeneration that proceeds by the transfer of a few ppb of H2S is not fast, and the poisoning reaction that proceeds by the accumulation of a small quantity of sulfur is not fast either. The deviation of active surface Ni content from the equilibrium content by changing reaction conditions is balanced slowly according to Eq. (5) .
The analysis of all the constants in Eq. (5) The same 6-ml UD-HDS reactor and the experimental procedures cited in the previous paper1) were used in the laboratory scale experiments.
In the bench scale experiments, 100ml and 1000ml flow reactors were used, which were designed and constructed as the bench test plants and could be operated automatically without operator at night and holidays8).
The catalysts were prepared as follows: A-series coprecipitated Ni/ZnO catalysts were prepared as described in the previous paper2) and used as 8-24 mesh particles. B-Series co-precipitated Ni/ZnO catalysts were prepared as for the A-series except alumina gel was mixed at the co-precipitation.
A-and B-series catalysts were used in the first step of the development. CDSC-Series co-precipitated Ni/ZnO catalysts were prepared in a catalyst maker as for the B-series except extrusion in 1.5mm (dia.) size. CDSC-1 and CDSC-2 were prepared in a small-scale plant for the second step of the development as model catalysts and CDSC-3-2 was prepared in a commercial plant for the third step of the development as the practical UD-HDS catalyst for the 200-kW kerosene-fed PAFC. The properties of the catalysts are shown in Table 1 .
The metal contents of the catalysts were analyzed by ICPS-200 provided by Shimadzu Corp. In the laboratory scale experiments, sulfur determination was carried out by Dohrmann System 701 Low Level Sulfur Analyzer (limit of detection 0.06wtppm).
In the bench scale experiments, sulfur determination was carried out by 856/825R-d/1003 provided by Houston Atlas Inc. and the original limit of detection of 30ppb was improved to 0.3ppb in this laboratory9). The exhaust gas was analyzed using automatic online GCchemisorption7) was carried out using pulse gas adsorption apparatus Model R6015 provided by Ohkurariken
Co., Ltd. and TPD-MS provided by Bel Japan, Inc.
BET was measured by BELSORP 28 provided by Bel Japan, Inc.
The procedure of NO chemisorption by the pulse measurement is as follows: 50mg of crushed catalyst was set in a Pyrex flow cell and reduced in a stream of the catalyst was treated for 120min in a stream of 40 in a He atmosphere. The measurement was carried out by 0.154ml of NO pulse using GC/TCD7).
TPD-MS measurement was carried out by setting 100mg of crushed catalyst in a Pyrex flow cell, and by the same treatment of the sample as the pulse measurement7) except that the gas flows were two times higher. After stabilization of the base line of the MS, 80ml/ min of 5158 vol. ppm NO in a He stream was fed. The N2 peak appeared at first followed by the N2O peak as shown in Fig. 1 . Each volume was calculated from the peak area as usual. From the TPD-MS measurement, a relatively accurate value for surface Ni is calculated from the sum of Eqs. (1) and (2). In routine experiments, the convenient pulse method was used. The ratio of the determined surface Ni per total Ni is shown in Table 1 .
Results and Discussion
3.1.
Characterization of Catalysts The properties of the Ni/ZnO catalysts are shown in Table 1 . 10A-50A are co-precipitated catalysts containing only Ni and ZnO, with a small BET and a small quantity of surface Ni. These catalysts were prepared for the laboratory use. 10B-30B are also co-precipitated catalysts, but contained some alumina gel to improve the crush strength and the BET. These catalysts were prepared for the preliminary investigation of the practical catalysts in the laboratory based on the results of the highly accelerated evaluation of the Aseries. However, it is interesting that only a few percent of Al2O3 increases the BET from 14 to 100m2/g and the surface Ni ratio by three to six times. Ni and ZnO are considered to be dispersed on the large surface area of the alumina gel. Figure 2 shows the surface Ni ratio as a function of Ni content. At low Ni content, a thin layer of Ni is formed on the support, and the thickness of the layers became constant at more than 25wt% Ni content in the A-series. An analogous trend is anticipated in the Bseries.
10B-30B were tested as UD-HDS catalysts under the conditions cited in the next section for 100h.
However, the sulfur content was less than the limit of detec- However, the highly accelerated reaction conditions are convenient to obtain an outline of the catalyst properties in a short period.
As typical simple model catalysts, two A-series catalysts were selected from Table 1 : 20A containing a medium quantity of Ni, and 15A containing a small quantity of Ni. The typical properties were expected from these runs, because these catalysts were prepared from only the active metal and acceptor of H2S. They were tested in laboratory scale experiments under the following highly accelerated reaction conditions; LHSV 1.00h-1, H2/kerosene 300Nm3/kl, total pressure 25.
The results of the long run are shown in Fig. 3 , and the sulfur balances are listed in Table  2 .
In both catalysts, the ratios of adsorbed sulfur and total Ni, by the end of the runs, exceeded the stoichiometrical value, which certified complete regeneration of NiS.
The operable hours of 15A and 20A until the sulfur content reached 0.1wtppm were 151h and 868h, respectively. These very short times are understandable from Eq. (5). Under highly accelerated LHSV, Csurf.Ni value is regarded to become small at the equilibrium point because of the rapid accumulation of sulfur. However, a large quantity of ZnO remains in the used catalyst. The remaining ZnO is expected to act as an acceptor. At 868h, only 16.7mol% of ZnO was consumed in 20A. However, this value is 36% of that of usual H2S adsorbent (46mol%).
To confirm the possibility of maintaining activity at a lower LHSV, an experiment to recover the activity of the used 20A was carried out. After the above 1200h run, 20A was used for several experiments under various conditions for additional 500h.
After 1700h of experiments, the catalyst consumed 32.6mol% of ZnO. The used 20A further reacted under the original highly accelerated conditions as shown in Fig. 4 . At 1792h, only kerosene flow was stopped for 48h, and excess surface NiS was expected to be regenerated in this period by the remaining ZnO and flowing H2. After 48h, the kerosene flow was restarted and the treated sulfur level was improved from 0.67 to 0.19wtppm by the additional regeneration of surface NiS as shown in Fig.  4 . Therefore, after the sulfur level reaches 0.1wtppm (5), is released to change to active Ni. Therefore, the sulfur accepting capacity of Ni/ZnO is additionally extended at a low LHSV before the sulfur level reaches 0.1 wtppm.
In high content of ZnO, the regeneration potential is expected to keep in a higher level for the long catalyst age. However, the rate of UD-HDS is lower because the enough quantity of active surface Ni is not kept. In such a catalyst, long life is expected to be attained by raising the reaction temperature or by decreasing the quantity of fed sulfur. The life of 15A, compared with 20A, will be longer at lower LHSV or higher temperature.
In our plan, 53.9l/h kerosene is fed to the 200l Ni/ ZnO catalyst to achieve one-year life expecting 46 mol% sulfur adsorbing capacity for ZnO1). Therefore, the LHSV is calculated as 0.27h-1.
The long run in Fig. 3 was carried out at 3.7 times higher LHSV compared to the plan. The equilibrium point of Eq. (5) was attained after a long time. To observe the equilibrium point of treated sulfur levels for both catalysts, the runs were continued.
15A and 20A nearly reached 0.30ppm and 0.22ppm sulfur levels, respectively. Therefore, both catalysts will have long lives above these sulfur levels. After 1200h, 20A adsorbed 62 atoms of sulfur per surface Ni atom. Similarly, after 476h of run, 15A adsorbed 35 atoms of sulfur per one surface Ni atom. These sulfur atoms were accepted as ZnS, then, 23mol% of ZnO and 8.5mol% of ZnO were consumed in 20A and 15A, respectively.
On the other hand, Cat-Ni1),2) adsorbed only 0.24 atoms of sulfur per one surface Ni atom until the treated sulfur level reached 0.1wtppm.
The big difference in HDS activities after long runs between the A-series Ni/ZnO catalysts and Cat-Ni can be attributed to the accepting ability of H2S to regenerate sulfur-poisoned surface Ni. The mechanism of regeneration of sulfur-poisoned surface Ni by ZnO has been studied in the previous paper2).
The highly accelerated long run showed that adequate regeneration of Ni/ZnO was possible, and the activity of the Ni/ZnO catalyst was related to the rate of sulfur feed and to the content of surface Ni. An advanced life test using improved Ni/ZnO catalysts under the real conditions was then required. The industrial development of the adsorptive UD-HDS Ni/ZnO catalyst was consequently started.
To increase the UD-HDS activity in the long run, improvement of the original surface Ni content was the first subject as shown in Eq. (5). For this purpose, improvement of the BET should be important. An idea to increase the BET using sub-materials, for example Al2O3 or Fe2O3, was shown previously2). However, the mixing ratio of the sub-material should be limited to a low content, because a high content of the sub-material makes thin Ni layers and a low content of ZnO, which will lead to a low activity of the Ni/ZnO catalyst2). The second approach to increasing the quantity of active surface Ni in the course of the long run is to reduce the LHSV.
According to the above concepts, a model Ni/ZnO (CDSC-1-2) was developed.
Kinetics of Ni/ZnO Catalyst in Pure H2
The kinetic studies in pure H2 were carried out using 1000ml of CDSC-1 catalyst. After 16h of stabilization under the reaction conditions as shown in run 2 of Table 3 , the kinetic runs 1-3 were carried out by changing only the reaction pressure within 9h. After these runs, the catalyst was stabilized under the reaction conditions as for run 2 for 100h, and the treated sulfur level increased slowly in this reaction. Then, the kinetic runs 4-9 were carried out changing only the LHSV within 12h.
The rate of UD-HDS containing the reaction order of H2 partial pressure is expressed as Eq. (6). Where Cs is the content of sulfur, PH2 is the partial pressure of hydrogen.
Equation (6) is integrated and arranged to Eq. (7), where, Cs0 is the sulfur content in the original kerosene. From runs 4-8, n is calculated as 1.9. From runs 8-9, the apparent activation energy is calculated as 31kJ/ mol, and from runs 1-3, m is calculated as 0.18. The high value of n indicates that sulfur compounds vary widely from easy to difficult to remove. The apparent activation energies in HDS of dibenzothiophenes using conventional Ni-Mo/Al2O3 are 75-90kJ/mol10).
On the other hand, the low apparent activation energy using Ni/ZnO is considered to lead to a high activity. In this case, diffusion resistances will become relatively The influence of CO2 was studied using 50ml of CDSC-1 catalyst, which was stabilized for 50h under the reaction conditions listed in run 11 of Table 4 .
The kinetic runs were carried out by changing LHSV, CO2 partial pressure and reaction temperature. The results are shown in Table 4 . A large CO2 partial pressure was applied in the runs to determine the influence of CO2 clearly. From runs 11-13, n=2.2 was calculated.
The n value does not deviate largely from the case in pure H2. However, the rate constant of run 11 is 1/24 times that of run 14. In run 14, CO2 partial pressure was replaced with the same partial pressure of N2. The influence of CO2 is expressed as Eqs. (8) and (9) . The same low E value as in pure H2 was calculated from runs 11 and 15. The approximate value of 1= -2.0 was calculated from runs 14 and 16. The negative large l value means poisoning action for the HDS. It is considered that CO2 is adsorbed widely on the active sites and the adsorption of kerosene or H2 is depressed. A part of the adsorbed CO2 was considered to react with H2 and a small quantity of CO was formed.
However, it was very interesting that CH4 was not formed at all in the exhaust gas. about two times accelerated LHSV (0.5h-1).
Sulfur deposit on the catalyst corresponding to one-year life can be attained in the half-year test. However, the active surface Ni content is expected to reduce severely as shown in Eq. (5) in the course of the long run.
The properties of the CDSC catalysts and the reaction conditions are listed in Tables 1 and 5 , respectively. The sulfur contents in the treated kerosene versus the catalyst age are shown in Fig. 5 . In Table 5 , mixed gas of CO and CH4 was used to simulate H2 from the PAFC system. The sulfur balances after the long runs are listed in Table 2 .
The life of CDSC-1 seemed to be very short under even these milder conditions.
The catalyst did not reach the equilibrium state shown in Eq. (5) within the experimental period.
The content of surface NiS within the middle age is considered to depend mainly on Cs and LHSV, and to be independent of the original content of active surface Ni as shown in Eq. (4). Therefore, the remaining active surface Ni content in the middle age is considered very small in CDSC-1 due to the original low surface Ni content. Therefore, the treated sulfur level could not be maintained 0.1wtppm after only 600h.
The treated sulfur level of CDSC-1 reached 0.25wtppm at 900h.
Within that time, only 6.4% of ZnO was consumed.
A large quantity of ZnO still remained as the active acceptor of H2S in CDSC-1.
Therefore, this result is not considered as the end of the life.
To check the remaining ability of CDSC-1, the run was continued by stopping the kerosene feed from 900 to 950h and starting again from 950h.
The sulfur content in the product was improved to 0.057 wtppm at 965h. From these results, CDSC-1 is expected to have a longer life than CDSC-2 under a lighter sulfur poisoning conditions, which will be realized at lower LHSV or with lower sulfur containing kerosene, or at higher temperature, because CDSC-1 has the larger sulfur accepting capacity than CDSC-2.
CDSC-2 showed a long life.
At T2, the temperature ture changes, 300-400h was required to attain a new equilibrium. At 4700h, sulfur in the treated kerosene jumped to more than 0.10wtppm, because some sludge, Zn-compounds and heavy oil were mixed in the supplied kerosene owing to the contamination of the mini-lorry, which had carried used lubricating oil before the supply of this kerosene.
Lubricating oil is poisonous for the HDS catalyst1). The reaction facilities were cleaned well before the start of operation, but contamination of the kerosene could not be prevented.
In a commercial fuel cell, a system to avoid invasion of poisonous compounds to the catalyst is very important. Example systems are evaporation to remove residua and a special bed of adsorbent for the poisonous compounds. CDSC-2 adsorbed the planned quantity of sulfur for the one-year maximal power operation in the accelerated half-year test period. Until this age, CDSC-2 adsorbed 9.5g of sulfur per 100ml of catalyst, which corresponds to 36.4mol% consumption of ZnO (14.3wt% of sulfur per ZnO wt), and this value is regarded as a satisfactory end to the normal ZnO capacity. If CDSC-2 is used at half LHSV of this test for test will be accumulated on CDSC-2. Further, the remaining active surface Ni content Csurf.Ni in Eq. (5) under the half LHSV is regarded as larger than that under this test. Therefore, CDSC-2 is considered as operable for one year under the real LHSV (0.27h-1). Finally, CDSC-2 was selected as the model for the practical UD-HDS catalyst for the 200kW kerosenefed PAFC.
The surface Ni atoms are partially sulfurized and The sulfurization of the catalyst surface occurs as the result of the stoichiometrical reaction of fed sulfur and active surface Ni, and surface NiS is regenerated independent of the initial quantity of surface Ni. Therefore, the existing active surface Ni is the sum of regenerated surface NiS and fresh active surface Ni. This situation is illustrated in Fig. 6 . CDSC-2 has many surface Ni atoms, but CDSC-1 has fewer surface Ni atoms initially, so the active surface Ni on CDSC-1 decreased rapidly within the early age. However, CDSC-1 is expected to show longer life than CDSC-2 under milder conditions of fed sulfur, because CDSC-1 has 10% more ZnO. However, CDSC-2 was selected, because of the adequate one-year life and greater activity than CDSC-1.
CDSC-3-2 was prepared by the same procedure as CDSC-2 except the Al2O3 content was increased to increase the crush strength.
As shown in Table 5 and Fig. 5 , the catalyst was tested both under the standard pressure of 0.60MPaA (CDSC-3-2A) and under the lower pressure of 0.26MPaA (CDSC-3-2B), which was the lowest pressure allowed in this bench plant. The catalyst was tested for 2700h, and was estimated the life for 3200h until 0.1wtppm of sulfur. At 3200 h, the catalyst was calculated to consume 31.5mol% of ZnO (12.4wt% of sulfur per ZnO wt). The content of ZnO in CDSC-3-2 is lower than in CDSC-2.
However, in the real fuel cell system that will be operated at 0.27 to 0.027h-1 LHSV (full power to idling), the adsorbing capacity of sulfur is expected to be larger than 31.5mol% ZnO, so the life is expected to be LHSV, more Csurf.Ni is produced by auto-regeneration as shown in Fig. 4 and Eq. (5). In addition, the rate of UD-HDS will be greater than that of this test, because the Csurf.Ni in Eq. (5) is expected to become larger under low LHSV. As a result, the treated sulfur content will become lower than in this test.
Another important result is that the life of the Ni/ZnO catalyst is not affected by the reaction pressure at all as shown in Fig. 5 , and the catalyst can be operated even near atmospheric pressure. The influence of a small difference of H2 partial pressure may be masked by the small value of m(=0.18).
The rate of reaction is regarded to reflect the content of active surface Ni Csurf.Ni in the course of the long life test. Then, Csurf.Ni can be related to the reaction constant k and expressed as Eq. (10), where k is expressed as Eq. (7), then the equation becomes Eq. (11). The content of initial active surface Ni Csurf.Ni0 is expressed, in the same way, as a function of the initial reaction rate constant ki and the initial treated sulfur content Csi as Eq. (12). The ratio of active surface Ni Cs0 is the sulfur content in the feed, and Csi-Cs<<Cs0.
The ratio of active surface Ni per initial surface Ni that is calculated using Eq. (13) is shown in Fig. 7 (n=2.2) as a function of the catalyst age.
The surface Ni of Then 200l of CDSC-3-2 was certified as the autoregenerative Ni catalyst for UD-HDS for the 200kW kerosene-fed PAFC, which was estimated to produce kerosene with below 0.025-0.040wtppm of sulfur for over 5900h operation.
